We conducted precise leveling surveys in Kuchierabujima Volcano, southwest Japan seven times after
Introduction
Kuchierabujima Volcano, located south of Kyushu Island, southwest Japan, is an active island volcano (Fig. 1) . The volcano has repeated phreatomagmatic or phreatic eruptions at a summit crater of Shindake or at a fissure on the east of the crater at a few year to a few decade intervals since 1841, before which no historic eruptions have been recorded. Although no eruptions had occurred after September 1980, the volcano erupted at Shindake crater on August 3, 2014 after 34 years of dormancy , in this issue; Tameguri et al., 2016) .
Before the 3 August 2014 eruption, the increase of activity of volcanic earthquakes had been repeatedly observed, especially after the increase in July 1999. Most of the hypocenters were located at a depth shallower than 500 m beneath Shindake crater (Yamamoto et al., 1997; Iguchi et al., 2007; Triastuty et al., 2009) . GPS campaign observations that had been conducted since 1995 detected inflations of the ground around Shindake crater, and the pressure sources were located initially at a depth around sea level beneath the crater, which became shallower over time (Iguchi et al., 2002 (Iguchi et al., , 2007 . Furthermore, the continuous GPS observation started in 2004 revealed that the ground inflations occurred in association with the increase of activity of volcanic earthquakes (Saito and Iguchi, 2006) . Kanda et al. (2010) observed the total intensity of the geomagnetic field at the summit area since 2000. They indicated that the estimated volcanomagnetic field variations were caused by the thermal demagnetization that occurred in the shallow part beneath Shindake crater and changed in concordance with the increase in seismicity. Thus the 3 August 2014 eruption occurred after various long-term precursory activities that had been gradually progressing , in this issue; Tameguri et al., 2016) .
After the 3 August 2014 eruption, various kinds of observation data showed a further increase of volcanic activity , in this issue; Tameguri et al., 2016) . These include the remarkable increase of SO 2 emissions since December 2014 , in this issue), shortening of the slope distance between the GNSS station in Kuchierabujima and that in Yakushima Island (Fig.  1a) during the period from December 2014 to January 2015, which is recognized as inflation of the volcano , in this issue), volcanic glow above Shindake crater observed on and after March 24, 2015 by JMA high-sensitivity monitoring camera (Japan Meteorological Agency, 2015) , increase in the activity of volcanic earthquakes especially since May 2015 and the occurrence of felt earthquakes on January 24, 2015 and on May 23, 2015 (Iguchi et al., 2017, in this issue; Tameguri et al., 2016) . These remarkable precursory activities led to the large eruption on May 29, 2015, when all the residents in Kuchierabujima evacuated from the island (Iguchi et al., 2017, in this issue; Tameguri et al., 2016) . Another eruption occurred on June 18, 2015 in which ash-fall was observed in Yakushima and Tanegashima Islands (Fig. 1a) (Japan Meteorological Agency, 2015) . However, the details of the eruption were unknown due to the bad weather and insufficient observation system due to the destruction caused by the 3 August 2014 eruption.
A precise leveling survey is a classical technique, but the most accurate geodetic method in measuring the vertical displacements of the ground. Therefore, it has been applied to various kinds of volcanic deformation studies (e.g. Dzurisin et al., 2002; Kimata et al., 2004; Yamamoto et al., 2013; Murase et al., 2016) . On Kuchierabujima Volcano, Disaster Prevention Research Institute (DPRI), Kyoto University installed 20 leveling benchmarks around the northwestern foot of the volcano in May 1996, along the route of about 7.5 km long (Fig. 1b) . Since then, precise leveling surveys have been repeated seven times before the 3 August 2014 eruption, including the May 1996 , August 1996 , September 1999 , November 2000 , December 2001 , December 2006 and December 2008 surveys. The results of these repeated leveling surveys indicate that the vertical ground deformation was generally small, although relatively large (within 5 mm) uplift or subsidence was occasionally observed along the southern half of the leveling route between benchmarks KC103 and KUC7 (Fig. 1b) , which are located relatively close to Shindake crater (Iguchi et al., 2002; Yamamoto and Sonoda, 2014) . Iguchi et al. (2002) pointed out that the vertical displacements expected from the shallow pressure source inferred from the GPS campaign data were not inconsistent with the small displacements observed by the repeated leveling surveys. Along the leveling route north of KC103, the observed vertical displacements were smaller than about 2 mm (Yamamoto and Sonoda, 2014) .
We conducted precise leveling surveys in Kuchierabujima Volcano repeatedly after the occurrence of the 3 August 2014 eruption. In this paper, we present the results of these surveys and discuss the vertical ground deformation related to the 2014 and 2015 eruptions, in order to assess the current status of the volcanic activity.
Observations
Just after the occurrence of the 3 August 2014 eruption, we conducted a precise leveling survey along the above-mentioned leveling route during the period of August 19-21, 2014 , in order to detect the vertical ground deformation associated with this event. In this survey, we measured only the northern half of the leveling route (from KUC12N to KC103 in Fig. 1b and in Table 1 ), since the southern part of the leveling route is located in the off-limits area assigned due to the eruption. Since then, we have repeated the leveling surveys only along the northern half of the leveling route during the periods of March 4-5, 2015, July 29-30, 2015 (after the 29 May 2015 and the 18 June 2015 eruptions), October 7, 2015 , March 24-25, 2016 , June 22-23, 2016 and September 14-15, 2016 . As to the July and October 2015 surveys, we measured only the benchmarks between KUC12N and KC101, due to the widening of the off-limits area associated with the 29 May 2015 eruption.
The leveling instruments used in these surveys were a digital level (Leica DNA03) and Invar bar-coded leveling staffs (Leica GPCL3). We conducted precise leveling surveys, so as to keep the misclosure of the round-trip survey below the allowable limit of 2.5×L 1/2 mm according to the first order leveling survey regulation defined by Geospatial Information Authority of Japan, where L is the distance in kilometers along the leveling route between the two measured benchmarks. The horizontality of the line of sight of the level and circular level of the leveling staffs were checked and adjusted before each survey, in order to decrease the measurement errors. As a result of these preparatory calibrations and careful measurements, mean square errors of the surveys were achieved with good accuracy ranging from ±0.12 to ±0.28 mm/km (Table 2) .
Results of the leveling surveys
From the data obtained in each leveling survey, we calculated the relative height of each benchmark referring to benchmark KUC12N, which is located at the northern end of the leveling route and is the farthest benchmark from Shindake crater ( Table 2 ). The calculated relative height of each benchmark was then compared with that of the previous survey, resulting in the relative vertical displacement of the benchmark between the successive surveys ( Fig. 2) . The error bar in Fig. 2 denotes the error of the vertical displacement of each benchmark calculated as the root mean square of the relative height errors of the benchmark in the two surveys concerned, where the relative height error of each benchmark is estimated from the misclosures of round trip surveys by accumulating from the reference benchmark (Kimata et al., 2004; Murase et al., 2016) . In each survey, we measured the air temperatures and made a correction for the thermal expansion of our Invar bar-coded leveling staffs. Therefore, the measured data are basically free from such effects. If the expansion coefficient of the leveling staff has an uncertainty of 4.0×10 -8 /℃ (in the case of our leveling staffs), the scale error in the maximum height difference of our benchmarks (about 60 m in Fig. 2h ) is estimated to be 0.024 mm, where the temperature difference is assumed to be 10 ℃. This means that the scale error is negligible in our measured data.
The resultant displacements during the period from December 2008 to August 19-21, 2014 (just after the occurrence of the 3 August 2014 eruption) show a slight ground subsidence toward the south (i.e. toward the central part of the volcanic edifice including Shindake crater) (Fig. 2a) . However, the amounts of the subsidence are less than 1.2 mm and are generally within the estimated errors, implying that the ground deformation associated with the 3 August 2014 eruption is not remarkable along the northern half of the leveling route.
The displacements during the period from August 2014 to March 2015 (Fig. 2b) indicate the obvious ground uplift, the amount of which is increasing toward the south or toward the central part of the volcanic edifice. The amount of uplift at the southern end of the leveling route (KC103) reaches 2.5 mm referring to KUC12N, which is much larger than the estimated errors. Since the leveling route was established, it is the first time that obvious ground deformation was observed along the northern half of the leveling route, which is located more than 2.3 km farther apart from Shindake crater. It suggests that subsurface inflation at a relatively large depth beneath the volcanic edifice was progressing in the preparation period of the 29 May 2015 eruption.
During the period from March 2015 to July 2015 in which the 29 May 2015 and the 8 June 2015 eruptions occurred (Fig. 2c) , we cannot find clear ground deformation. This suggests that the ground uplift observed in the previous period (Fig. 2b) was not affected by these two eruptions. Some benchmarks seem to deform locally in this period, although the displacements are generally small. This is supposed to reflect the circumstantial changes around the benchmarks caused by the small landslides etc. because the land was not maintained due to the evacuation of all the residents from Kuchierabujima. During the following period between July 2015 and October 2015, the vertical displacements indicate no notable deformation (Fig. 2d) . Thus the uplift was preserved.
During the period between October 2015 and March 2016, a subtle (less than 1 mm) ground subsidence toward the south is obtained (Fig. 2e) . On the contrary, the ground uplift was measured in the following period of March-June 2016 (Fig. 2f) . In the most recent period between June 2016 and September 2016, we observed significant ground subsidence toward the south, where the amount of maximum subsidence was as much as 3.1 mm at KC101. 
Discussion

Secular change of vertical ground deformation since 1996
Since May 1996 when the leveling benchmarks were newly installed, some benchmarks were accidentally broken or became useless, whereas the benchmarks of KC117, KC116, KC115, KC114 and KC101 in the northern half of the leveling route have been continuously measured until the latest leveling survey. Using the data observed at these benchmarks, we can obtain the secular changes of the relative heights of the benchmarks throughout the observation periods. In Fig. 4 , we show the secular changes in the relative heights of benchmark KC101 (Fig. 4a) and KC114 (Fig. 4b) Figs. 4a and 4b) show a tendency of long-term ground subsidence, with some shorter uplift and subsidence fluctuations. One of the probable causes of these long-term height changes is the secular height changes of the reference benchmarks, and further longer data acquisition will be needed to confirm the cause of the long-term deformation.
Compared with the gradual height changes before the August 2014 survey, the relative height changes during the period between August 2014 and March 2015 surveys (gray shaded in Fig. 4) indicate the significantly rapid and large ground uplift toward the central part of the volcanic edifice. During the period between August 2014 and March 2015, other observation data indicated remarkable signals related to the increase of volcanic activity, including the significant increase of SO 2 emission rate, shortening of the slope distance between the GNSS stations in Kuchierabujima and in Yakushima Island (ground inflation of the volcano), increase in the activity of volcanic earthquakes and the occurrence of felt earthquakes , in this issue; Mori et al., 2017 , in this issue; Tameguri et al., 2016) . It is inferred that the rapid magma input to the volcanic edifice occurred before the large eruption on deformation is observed along the northern half of the leveling route. In Fig. 4 , we can also identify rapid and large ground subsidence during the period of June-September 2016 (Figs. 2g and 3 ).
Pressure source analysis based on Mogi's model
The relative vertical displacements during the period from August 2014 to March 2015 (Fig. 2b ) that indicate the obvious ground uplift increasing toward the central part of the volcanic edifice were analyzed based on a spherical source model (Mogi, 1958) . In the calculation, the effects of topography along the leveling route were considered by replacing the source depth with source depth plus benchmark elevation (Williams and Wadge, 1998) . Our leveling data suggest that the inflation source was located south of the leveling route. However, it is difficult to determine the horizontal location of the source exactly, because the geometry of our leveling route was a nearly straight line and in addition, our leveling data were available only along the northern half of the leveling route that is located apart from the center of the volcanic edifice, the candidate area of the source location. Thus we assumed the horizontal source location to be beneath the active Shindake crater, and searched for the optimal source depth so as to minimize the residual sum of squares. The searched source depth ranged from 0 to 30 km below sea level, with a depth step of 0.1 km. Given the depth, the volume change at the pressure source was calculated by the least square fit of the model to the observed data, so the volume change was not searched. The contour plot of the root mean square (RMS) misfit in millimeters as a function of the depth and volume change of the pressure source. The large solid circle denotes the location of the optimal source parameters. The shaded zone is the region where the RMS misfit is less than 0.41 mm, representing the 68% confidence region estimated from the F-test (Arnadottir and Segall, 1994) .
The optimal depth of the inflation source was determined to be 7.0 km below sea level. The volume increase of this pressure source was estimated to be about 2.6×10 6 m 3 (Table 3 ). The theoretical vertical displacements deduced from the optimal source accounted for the observed data fairly well (Fig.  5a ). According to the F-test (Arnadottir and Segall, 1994) , the 68% confidence intervals for the source parameters were estimated to be less than 0.41 mm (root mean square (RMS) misfits) in our case. Figure  5b is a contour plot of RMS misfit in millimeters calculated as a function of depth and volume change of the pressure source. Here, we can see an approximate view of the RMS misfit changes corresponding to variations of the volume change of the pressure source, although the volume change was not searched in our pressure source analysis. The large solid circle denotes the location of the optimal source parameters and the shaded zone shows the region where the RMS misfit was less than 0.41 mm. The shaded zone has an elongated shape as the volume change enlarges according to the depth increase. It extends from a depth of 3.5 km (volume increase of 4.7×10 5 m 3 ) to a depth of 24.8 km (volume increase of 2.5×10 8 m 3 : not shown in Fig. 5b ). Figure 5 indicates that the optimal source is a plausible model that sufficiently explains the observed data, although the source depth is practically unconstrained by the data.
Before the 3 August 2014 eruption, the inflation sources had been located at shallower depths than 100 m below sea level beneath Shindake crater by using the data of GPS observations (Iguchi et al., 2002 (Iguchi et al., , 2007 Saito and Iguchi, 2006) . The volume increases at these sources were estimated as ranging from 6.2×10 3 m 3 to 1.7×10 5 m 3 . Although the source depth and the volume increase estimated in this study were unconstrained, the depth of the pressure source and its volume increase during the period between August 2014 and March 2015 were significantly larger than those before the August 2014 eruption under the assumption that the source was located beneath Shindake crater. A deeper source with a larger volume increase was originally supported by the fact that obvious ground uplift was detected along the northern half of the leveling route located apart from Shindake crater.
In this study period, we also observed relatively remarkable ground uplift during the period of March-June 2016 (Fig. 2f) and ground subsidence during the period of June-September 2016 (Fig. 2g) . Attempting to analyze the data of these two periods by the same pressure source calculation process used in the period between August 2014 and March 2015, we obtained the optimal source depths and volume changes of 30.0 km and 4.0×10 for June-September 2016 data, respectively. These are much larger depths and volume changes than those obtained during the period between August 2014 and March 2015, and the source depths are also unconstrained by the data. Therefore, in the following discussion, we would rather additionally assume the source depth to be 7.0 km than determine the source depth variations, in order to compare the results with those during the period between August 2014 and March 2015. We only calculated the optimal volume changes at the pressure source by the least square fit of the model to the observed data.
In Table 3 , we show the estimated volume changes of the pressure source at 7.0 km depth beneath Shindake crater of the two periods as well as those during the periods of March-July 2015, July-October 2015 and October 2015-March 2016, in which minor vertical displacements were observed. The RMS misfits of these estimations were 0.36-0.71 mm (Table 3) , similar to the amounts of the vertical displacement errors (Fig. 2) , suggesting that these sources are among possible models that explain the observed data. Japan, 2015) . Removal of the order of 10 5 m 3 magma from the pressure source at 7 km depth does not conflict with our estimates in Fig. 6 (and with observed vertical displacements) . It is not necessary that the removal of magma from the source at 7 km depth was simultaneous with the eruption. Considering that the volcanic glow was observed above Shindake crater on and after March 24, 2015 by a JMA high-sensitivity monitoring camera (Japan Meteorological Agency, 2015) , part of the magma was supposed to have moved from 7 km depth to the shallow part beneath Shindake crater in late March 2015. In addition, we calculated the expected slope distance change on the baseline between the GNSS stations in Kuchierabujima and Yakushima Islands (Fig. 1a) assuming some depths and volume changes of the Mogi sources beneath Shindake crater. It is suggested that a few millimeters slope distance shortening observed during the period from December 2014 to January 2015 , in this issue) was not produced by our optimal source parameters during the period between August 2014 and March 2015 (depth of 7 km and volume increase of 2.6×10 6 m 3 : this source produces about 0.2 mm slope distance elongation), but was caused by another shallower inflation source. This result also supports the magma movement to the shallow part beneath Shindake crater.
After 1-2×10 6 m 3 volume decrease and increase in the following periods from October 2015 through March 2016 to June 2016, most of the remaining magma appears to have been removed during the period of June-September 2016. Since no magma ejection associated with the eruptions was observed during the period of June-September 2016, one of the possible causes of the volume decrease was magma drain back to deeper than 7 km, although no other supporting evidence of the magma drain back was found. Contraction of the baseline length of GNSS stations had been observed across Shindake crater since January 2016, and it continued at least until July 2016 after that the data were missed due to the GNSS station problems (Japan Meteorological Agency, 2016) . This might be a signal that the magma drain back began at a shallow part beneath Shindake crater in early 2016. In order to clarify the cause of the volume decrease, successive monitoring by repeated precise leveling surveys is needed. 
Conclusions
The vertical ground deformation related with the 2014 and 2015 eruptions at Kuchierabujima Volcano was revealed by the precise leveling surveys conducted repeatedly after the occurrence of the 3 August 2014 eruption. In the surveys, we measured only the northern half of the leveling route, which was located more than 2.3 km apart from Shindake crater, since the southern part of the leveling route was in an off-limits area assigned due to the eruptions.
The results of the August 2014 survey suggest that the vertical displacements associated with the 3 August 2014 eruption were not remarkable along the northern half of the leveling route. On the other hand, the obvious ground uplift toward the central part of the volcanic edifice was detected during the period between August 2014 and March 2015 surveys. The ground uplift remained unchanged until around October 2015, even after the eruptions on 29 May and 18 June 2015. After the following relatively minor ground subsidence and uplift, significant ground subsidence toward the central part of the volcanic edifice was observed during the period between June and September 2016 and the ground returned to almost the same level of that in the August 2014 survey.
From the analysis based on Mogi's model assuming that the horizontal source location to be beneath Shindake crater, the optimal depth of the inflation source was estimated to be 7.0 km below sea level with a volume increase of 2.6×10 6 m 3 by using the obvious uplift data during the period from August 2014 to March 2015. The depth of the pressure source and its volume increase were significantly larger than those before the August 2014 eruption inferred from the GPS data. During the period from August 2014 to March 2015, other observation data, including the SO 2 emission rate, GNSS and seismicity simultaneously indicated remarkable signals related to the increase of volcanic activity. It is suggested that the rapid magma input to the volcanic edifice occurred and led to the large eruption on May 29, 2015. The results of the source volume change calculations in the following periods suggest that most of the stored magma before the 29 May 2015 eruption appeared to be removed during the period of June-September 2016. Since no eruption was observed during the period of June-September 2016, one of the possible causes of the volume decrease was magma draining back to the depths.
Repeated precise leveling surveys are an important and useful technique for assessing the eruptive activity at Kuchierabujima Volcano. In order to evaluate the potential for the following eruption, successive monitoring with repeated precise leveling surveys is needed.
